Charge control and mobility studies for an AlGaN/GaN high electron mobility transistor by Zhang, Yifei & Singh, Jasprit
JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 1 1 JANUARY 1999Charge control and mobility studies for an AlGaN/GaN high electron
mobility transistor
Yifei Zhang
Applied Physics Program, The University of Michigan at Ann Arbor, Ann Arbor, Michigan 48109-1120
Jasprit Singh
Department of Electrical Engineering and Computer Science, The University of Michigan at Ann Arbor,
Ann Arbor, Michigan 48109-2122
~Received 25 June 1998; accepted for publication 21 September 1998!
A charge control model and a mobility model are developed for the Al–GaN/GaN high electron
mobility transistor~HEMT! device. The model addresses issues of how piezoelectric effect and
interface roughness influence device properties. We find that even small amount of interface
roughness has very strong effect on the two-dimensional electron gas properties. Low-lying
electronic states are strongly localized and transport through these states is not described by Born
approximation but by phonon-assisted hopping. At low temperature the effects of localization are
quite important and we use the Kubo formula to study this transport. Results for charge control and
mobility are presented as a function of Al composition in the AlGaN/GaN HEMT. ©1999





























































Group III-nitride semiconductors have attracted wide
tention recently in view of their application in high powe
devices and optoelectronic devices with wavelengths rang
from the red into the ultraviolet. These materials have dir
bandgaps from 1.9 eV for InN through 3.4 eV for GaN to 6
eV for AlN. Tremendous efforts have been devoted to
optoelectronic devices based on GaN and the related ter
alloys. For example, the blue and violet laser emission
room temperature in InGaN/GaN/AlGaN-based hete
structures under pulsed currents and continuous-w
operation1–8 has been demonstrated. Furthermore, blue-
green-light-emitting diodes with GaInN quantum wells ha
already been commercialized.9 In the application of high
power devices such as microwave electronic devices,
performance of the devices depends on the quality of het
structure interface formed by the materials with differe
bandgaps as well as the quality of the materials grown.
There are two important issues that govern the AlGa
GaN high electron mobility transistors~HEMTs! which are
significantly different from HEMTs made from structure
such as AlGaAs/GaAs or InAlAs/InGaAs. The first has to
with the very strong piezoelectric effect present due to
lattice mismatch between AlGaN and GaN. It is known th
group III nitrides have large piezoelectric constants along
~0001! direction.10–13When~0001!-oriented thin AlGaN lay-
ers are grown psuedomorphically on a thick GaN, the bia
strain induces a piezoelectric field in the material. As a
sult, there is a strong interface charge at the HEMT interfa
The second effect has to do with interface roughness.
though this effect is present in other HEMT structures
well, the larger band discontinuity combined with larger e
fective mass in the channel makes interface roughness m
more important in controlling the channel mobility. Add
























electric effect can cause the charges at the interface to
distributed nonuniformly.
We have developed a numerical formula to study
charge control and transport of AlGaN/GaN-based HEM
device. The charge control model is based on a s
consistent solution of the Poisson equation and Schro¨dinger
equation. Piezoelectric effect due to strain is modeled
including a polarization field.
In examining transport in the two-dimensional chann
we note that much of our understanding of transport in se
conductor devices depends upon the use of Born approx
tion and the independence of various scattering mechanis
Scattering mechanisms such as ionized impurity scatter
interface roughness scattering, alloy scattering, etc.
handled within the Born approximation and are assumed
act independently. In many problems of interest, it is kno
that Born approximation is not valid but it is still used b
cause of the complexity of the problem. Examples inclu
transport in metal–oxide–semiconductor field effect trans
tors ~MOSFETs! at low temperature when a significant fra
tion of carriers are in the localized bandtail states, transp
in clustered alloys etc. For the AlGaN/GaN system, o
simulations show that there is considerable localization
low lying electronic states. Born approximation becomes
valid under these conditions. We use the Kubo formula
study transport under such conditions. The breakdown
Born approximation reflects itself in mobility increasing wi
temperature—a signature of hopping conductivity. At hi
temperatures, the Kubo formula and Born approximat
give similar results. The temperature at which the two f
malisms become equally valid depends on the interf
roughness parameters. In this article we explore some
t ese issues.
In the next section, we provide details of the formalis
































































588 J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. Singhresults. We also discuss the comparison of these results
experimental results for charge control and mobility. Conc
sions are presented in Sec. IV.
II. FORMALISM
To study charge control and channel mobility we need
examine in detail the band profile and scattering theory i
HEMT. As noted in the introduction, in the AlGaN/Ga
HEMT, interface roughness and piezoelectric effects are
pected to play a dominant role. We develop our model in t
steps—the first one designed to address the charge co
picture and the second to see the influence of interf
roughness on transport.
A. Charge control model
Our model first obtains the potential profile in a HEM
structure by solving the Schro¨dinger equation and Poisso
equation self-consistently. The Schro¨dinger equation yields
the confined charge terms in the Poisson equation which
turn, determines the potential profile. This potential profile
fed back into the Schro¨dinger equation until the solution o
Poisson equation goes to convergence.
For the charge control description, the AlGaN/GaN
terface is treated as an ideal interface with abrupt transi
from channel material, GaN to barrier material, AlGaN. D
to the large piezoelectric constants of group III nitrides,
piezoelectric effect plays an important role in determini
the performance of the AlGaN/GaN-based HEMT devi
The piezoelectric effect is taken into account by applying
boundary condition for the AlGaN/GaN interface in the fir
step,
e1E11P15e2E2 . ~1!
Wheree1 ande2 are the dielectric constants andE1 andE2
are electric fields at the interface of AlGaN and GaN, resp
tively. Quantity P1 is the polarization~piezoelectric field!
caused by the in-plane tensile strain in AlGaN. The mag
tude of the polarization vector is given by17
P152d31~c111c1222c13
2 /c33!mxx , ~2!





for a pseudomorphically grown AlGaN with the growth d
rection along~0001! direction. Hered31 is the relevant pi-
ezoelectric constant,ci j are the elastic coefficient, anda1 and
a2 are the lattice constants for AlGaN and GaN, respectiv
We use the value of the polarization field,13 6.03106 V/cm
for AlN grown on GaN. The polarization field in AlxGa12xN
is evaluated by multiplying this value by the Al fraction,x in
the barrier.
The direction of the piezoelectric field depends on
face orientation. For AlGaN/GaN heterostructures grown
sapphire, the GaN surface at the heterointerface can be e
nitrogen or gallium terminated.14,15 In order to determine the
direction of the piezoelectric field in the strained AlGa





















semiconductors, the in-plane tensile strain induces elec
field pointing from a cation-terminated interface to an anio
terminated interface~i.e., from a gallium interface to a nitro
gen interface!.16,17 Therefore, in gallium-terminated straine
heterostructures, the piezoelectric effect reduces the t
dimensional electron density. On the contrary, in t
nitrogen-terminated strained heterostructures the piezoe
tric effect enhances the two-dimensional electron dens
Thus these heterostructures should be the choice for
HEMT devices. In our study, we assume nitrogen-termina
strained heterostructures.







whereEc is the conduction band profile in the device,r is
the total charge density, ande is the dielectric constant which
can be changed in different regions of the device to acco
for different material parameters across interfaces. The t
charge densityr is the sum of the doping charge, the fre
charge including the hole and electron, and the quantu
confined charge. This can be written as
r~z!5qS Nd* ~z!2Na* ~z!2nfree~z!1pfree~z!
2(
i
nic i* ~z!c i~z! D , ~5!
whereNa* and Nd* are the effective doping concentration
nfree andpfree are the free carrier concentrations, and the s
is overi two-dimensionally confined subbands of which no
malized envelope functions arec i and in which the occupa
tion is ni (pi for the hole case!. The effective doping con-
centrations,Nd* andNa* can be written as
Nd* 5NdS 1112e~Ef2Ed!/kBTD , ~6!
Na* 5NaS 1114e~Ea2Ef !/kBTD , ~7!
whereNd andNa are the concentrations of donor and acce
tor dopants, andEd andEa are the impurity ionization ener
gies, respectively. The solution of the Poisson equation
performed by a vectorized Newton’s method.
In the calculation of the charge density, one must de
mine the quantized two-dimensional charge and the free
rier charge. The quantized two-dimensional charge can
calculated from the eigen energy levels obtained by solv
the Schro¨dinger equation. The free carrier charge density c
be written as,
nfree~z!5NcF1/2S Ef2Ec~z!kBT D , ~8!
whereNc is the material effective density of states andF1/2
is a half-order Fermi integral. The reason we use Ferm
Dirac statistics instead of Boltzmann statistics, which ha
been used by many authors in the past, to determine the
carrier concentrations is that in heavily doped cases,













































































589J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. Singhtistics will overestimate the free carrier concentrations.
calculate the Fermi integral fast and accurately, a look
table is used. Note that in Eq.~8!, we use a three-
dimensional effective density of states to obtain the free c
rier charge. However, to distinguish two-dimensional ca
ers from three-dimensional ones in the quantum well reg
a cut-off value, which usually is set to be the lower bound
value, is used. For those carriers whose energy is below
cut-off value, they are treated as two-dimensional gas.
those whose energy is above this cut-off value, they are
treated as free carriers. In order to determine the tw
dimensionally confined charge profile, one must solve
Schrödinger equation for the subband envelope functions
their occupations. Thez-dependent part of the Schro¨dinger
equation is strictly separable from the in-plane part of
equation which gives us extended Bloch-like states. The o
dimensional~z dependent! Schrödinger equation can be writ








wheremw represents electron effective mass along the qu
tum confinement direction.
Once the Schro¨dinger equation has been solved for t
envelope functions and the subband energy levels, i
straightforward to calculate the subband occupations. S
the subband density of states is constant with energy,
occupation comes from the first-order Fermi integral wh





lnF11expS Ei2EfkBT D G , ~10!
wheremi is the in-plane effective mass.
B. Model for mobility
In most calculations for transport in HEMTs, Born a
proximation is used to calculate scattering rates from vari
scattering sources. These sources are treated as indepe
mechanisms and their combined effect is calculated by u
the Mathieson’s rule for mobility. Interface roughness sc
tering is treated in the same spirit in these calculations.
interface region is described as the region containing rand
fluctuations of islands with a certain island height and late
extent. Using island height and lateral extent as fitting
rameters, reasonably good agreement with experiment
room temperature18 has been demonstrated in high qual
MOSFETs and HEMTs.
The use of Born approximation and independent scat
ing mechanism model is valid if the scattering potential
weak and does not cause localization of states. We will se
the result section that in the case of the AlGaN/GaN devi
the interface roughness effects are quite strong and c
electronic wave function localization. Under these conditio
Born approximation becomes invalid. To calculate the el
tron transport properties such as conductivity and mobility




































been used. It is important to note that results obtain
through the Kubo formula reduce to those obtained by B
approximation when the perturbation is weak.
To find the conductivity and mobility within Kubo for-
mula it is necessary to solve the eigenstates of the problein
presence of the perturbation. This of course makes the prob
lem numerically very intensive. To apply Kubo formula, it
necessary to solve for a three-dimensional Hamiltonian
cluding the interface roughness. Availability of high spe
computers has now allowed us to solve the thr
dimensional HEMT problem in a reasonable amount of tim
After the one-dimensional potential is obtained from t
first step, it is fed into the three-dimensional Schro¨dinger
equation to yield the electronic spectrum with or without t
presence of the interface roughness. The three-dimensi
Schrödinger equation for the envelope functions is given
F2 \22mi ¹21V~x,y,z!Gc~x,y,z!5Ec~x,y,z!, ~11!
whereV(x,y,z) is a three-dimensional potential incorporat
with the interface roughness.
The rough interface is composed of islands of either
barrier region~AlGaN! or the channel region~GaN!. These
islands are randomly placed on the interface by a Mo
Carlo method. To keep the model simple, when the islan
of AlGaN composition, the potential is set to be the poten
value of the barrier, whereas when the island is of GaN,
potential is set to be the potential value of the channel. T
three-dimensional Schro¨dinger equation is solved by th
finite-difference technique. The boundary conditions alo
xy plane~parallel to the interface! are chosen to be periodi
in order to calculate the transport quantities. The typical s
of matrix involved in our calculation is in the order of 104
3104. Since we solve for the electronic levels in the pre
ence of the interface roughness in the HEMT channel,
effect of this roughness on the microscopic and macrosco
properties of the structure can be calculated directly from
electronic spectrum. The Kubo formula for the conductiv
of electron under a small dc field is given by
s5
2pe2\3V
m* 2 E 2 ] f]E uD~E!u2N2~E!dE, ~12!








Equation~12! will render a conductance rather than condu
tivity. Once the conductance is derived, the mobility





wheren is the sheet charge density in the channel ande is the
electron charge.
To include the influence of other scattering mechanis
like phonon scattering, we need to calculate the eigenst



















































590 J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. Singhapproximation, the phonons can be considered to cau
broadening of the energy levels. We calculate this broad
ing within the Born approximation. A Gaussian broadeni
function is used for both the density of states,N(E) and the
reduced momentum matrix,D(E). The reduced momentum
matrix is evaluated by
uDuav
2 5







wherewG(Ei ,E) is an integral over the overlapping regio
between two Gaussian broadening functions centering on
ergy levels,Ei and E, respectively. The quantityG is the
width of the broadening functions and represents the lifet
of the corresponding state due to the effects of scatter
~phonons!. Several groups have used the Kubo formula20–22
for studying transport at 0 K. In these studies the conduc
ity is calculated at the limit ofG going to zero. To extend the
Kubo formalism to finite temperature, we use a phenome
logical relation between scattering processes arising du
finite temperature andG. This is similar in spirit to the ap-
proach taken in deriving Mott variable range conductivi
This approach allows us to examine how phonon scatte
and interface roughness scattering influence transport w
out treating them as independent scattering mechanism
this approach we view the total Hamiltonian as
H5H interface1Hphonon* , ~16!
where H interface is the Hamiltonian for the problem wher
interface roughness effects are included and result in lo
ized eigenstates. The effect ofHphonon* is to cause a width to
these eigenstates due to the vibration of the lattice.
evaluate this width by calculating the acoustic phonon s
tering rates.23
In our model as temperature increases, two effects oc
~i! the carrier distribution spreads out due to the broaden
of the Fermi function;~ii ! the broadening of the individua
eigenvalues occurs due to the increased phonon scatte
The outcome is that just as in Mott variable range cond
tivity mobility increases with temperature initially. This i
because electrons localized at some region in space can
couple with more states. As the temperature increases to
values we expect that phonon scattering will eventually s
press mobility. It is important to note that in Kubo formul
the electronic spectrum is obtained by solving the full Ham























tonian with the presence of interface roughness so that
correlation caused by the interface roughness is autom
cally included in the electronic spectrum.
III. RESULTS
The structure of the HEMT device in our study is show
in Fig. 1. The n-type barrier, AlGaN is unintentionally
and intentionally doped~UID and ID! at 131018 and
331018 cm23, respectively. The channel region is light
doped at 431016 cm23. The material parameters used a
given in Table I. Since the hole effective mass for AlN is n
available, it is set to be the same as that of GaN. Mate
parameters for the alloy are not well documented in the
erature over the wide range of composition used in our stu
In the absence of such data, alloy material parameters
obtained by linear interpolation of the GaN and AlN value
The Schottky barrier is taken to be 1.2 eV and the cond
tion band discontinuity is assumed to be 75% of the band
discontinuity.
A typical result obtained from our model forn-type
HEMTs is shown in Fig. 2. The simulation is done for 300
device operation. The figure shows the conduction band p
files in a Al0.15Ga0.85N/GaN HEMT device with and without
the piezoelectric effect. As can be seen from the figure,
piezoelectric effect is the main source of two-dimensio
electron charge in the device. Without the piezoelectric
fect ~a relaxed layer case!, the device is actually deplete
near the AlGaN/GaN interface. Simulations for the low te
perature show similar result. It is clear that the piezoelec
FIG. 2. Conduction band profiles at 300 K for the~a! strained~solid line!
and~b! unstrained~dotted line! barrier, Al0.15Ga0.85N. The piezoelectric field
Epz in the barrier is in the growth direction.
TABLE I. Material parameters for the charge control model.
Symbol Unit GaN value AIN value
Energy gap Eg eV 3.4 6.2
Donor ionization energy Ed meV 25 25
Dielectric constant e e0 10.0 8.5
Electron effective mass me m0 0.2 0.48
















































591J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. Singhfield plays a critical role in the HEMT and is the prima
source of electron charge in the device.
The Al content in the AlGaN layer alters the strain~ f
the layer is pseudomorphically grown! and the conduction
band discontinuity between the barrier and the channel.
creasing Al content will increase the strain in the layer a
thus increase the piezoelectric field. Combined with the
creasing conduction band discontinuity, the two-dimensio
electron charge will increase. However, as we show late
the Al content increases, the interface roughness effects
come more serious. We see that as the sheet charge de
increases, the electrons are pushed more closely to the i
face and thus are more easily affected by the interface rou
ness and piezoelectric charge at the interface. This lead
large scattering rate due the interface roughness and th
ezoelectric charge. Also the device becomes more difficu
turn off. This is primarily due to the large piezoelectric fie
present in the AlGaN layer and large conduction disconti
ity. From a growth point of view it becomes more difficult t
grow the barrier psuedomorphically on the GaN. The high
content barrier layer may relax through dislocations result
in the degradation of the device performance. Therefo
there has to be an optimization in the Al content.
In Fig. 3 we show the sheet charge density as a func
of gate bias. HEMT devices with three different Al conte
barriers are simulated at 300 K. As shown in the figure, wh
the Al content increases in the barrier, the threshold volt
of the device becomes more negative. The threshold volta
for barriers with 10%, 20%, and 30% Al, are23.6,22.4 and
21.2 V, respectively. However, in the active region of t
device operation, the sheet charge densities show linea
lations with the gate bias and have the same slopes w
indicate the same capacitance–voltage relation over the
tive region. The capacitance–voltage relations are show
Fig. 4. The peaks of the capacitance curves correspond to
active regions of the devices and are independent of the
content.
Our next step is to study the consequences of interf
roughness and piezoelectric effect on transport of the HE





























device. To understand how sheet charge and Al composi
influence interface roughness scattering, we examine the
ture of the free carrier profile in the 2D channel. In Fig. 5 w
show the quantum-confined charge density profiles in
device at zero gate bias. We see that as the Al compos
increases, the electron density increases and is shifted c
to the interface. This is clarified further in Figs. 6 and 7.
In Fig. 6 we show the fractional charge within 5 and 1
Å of the interface region for Al composition of 20% as
function of sheet charge density. In Fig. 7 the fraction n
the interface is shown as a function of Al composition at ze
gate bias. We can see that interface roughness effects wi
quite serious as Al composition increases.
Interface roughness is introduced by randomly plac
islands on the intermixed region of the HEMT structure w
island size given by
DLx525 Å; DLy525 Å; DLz55,10 Å. ~17!
K. FIG. 4. Capacitance vs gate bias for different Al contents at 300 K.
FIG. 5. Quantum-confined charge density profiles in the device for differ















































592 J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. SinghIn Figs. 8 and 9 we show the electron probability distributi
functions P(x,y) on xy plane in a HEMT with a perfec
interface and a rough interface, respectively. The Al cont
in the barrier is 20%. The gate is biased at 0 V corresponding
to a sheet charge density of 5.231012 cm22. The operating
temperature is assumed to be 77 K. From Fig. 8, one can
that the electron wave functions for a perfect interface ext
over the entire device and have a peak amplitude of 0.0
corresponding to the normalization in the 100031000 Å xy
plane. However, for the imperfect interface the eigensta
are quite different. We see from Fig. 9 that the low-lyin
states are strongly localized e.g., the peak amplitude of
first state is 0.015, one order of magnitude larger than
case for the perfect interface!. The lateral spread of thes
state is 200–250 Å. The position of these low-lying sta
will change if we change the random sequence of the di
der but the localization length is in the same range. T
suggests that to study transport in such a system the us
FIG. 6. Fraction of charge vs sheet charge density within 5, and 10 Å of
interface region for Al composition of 20%.












the Born approximation is invalid. We also see that as we
to higher energy states, the states become extended an
spread over the entire structure.
The results for the density of states are shown in Fig.
We focus on the density of states near the band edges s
these states are most influenced by interface roughness.
height of random islands at the interface,DLz , are chosen to
be 5 and 10 Å. The density of states is calculated by usin
2 meV Gaussian broadening function. As can be seen f
Fig. 10, when there is a high sheet charge density in
channel, the density of states is significantly affected by
interface roughness and bandtails are seen to develop a
interface roughness increases. This strong localization in
low-lying states can be attributed to the strong quantum c
finement along thez direction. This strongz confinement
leads to a large fraction of electrons occupying the interfa
region.
Next, we report results for the mobility in the chann
using Kubo formula. From our discussion of localization, w
can see that for the imperfect interface, mobility will be ve
small unless electrons can couple from one state to ano
by other scattering processes such as phonons. Thus fo
imperfect interface case, we expect that as the broade
parameterG increases, mobility will initially increase. Fo
the case of the perfect interface, on the other hand, aG
increases the mobility should decrease.
For the HEMT at 77 K, acoustic phonon scattering
expected to be the dominant scattering mechanism. Pho
scattering actually assists the conduction in the invers
layer for the device with interface roughness at lowG value
which results in an increase in the mobility at smallG. This
is observed in the experiment and becomes a signatur
varying range hopping conductivity. Using the acoustic ph
non scattering rates for the GaN channel we find thatG is
expected to be 0.39 meV.
In Fig. 11 we show the calculated relationship betwe
the mobility and Al composition. The results are shown f
two different interface island sizes. Also shown are the
e
FIG. 8. Electron probability distribution functionsP(x,y) for a perfect in-






























593J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. Singhsults for a perfect interface. We see that for the perfect
terface there is no degradation of mobility with increased
composition in the barrier. However, in presence of interfa
roughness we see that as the Al composition increases
mobility in the channel degrades. This is in agreem
with experimental results which also show a simi
degradation.24
In Fig. 12 we show the mobility as a function of tem
perature. As can be seen from the figure that the mobility
small Al content~10%! decreases with temperature in th
range of study but for large Al content, the mobility initiall
increases due to the phonon-assisted scattering and the
creases. For comparison, we have also shown results
perfect interface.
FIG. 9. Electron probability distribution functionsP(x,y) with an interface
roughness~height: 5 Å, lateral extension: 25 Å!. The low-lying states are









In this article, we have presented a charge control mo
for the AlGaN/GaN HEMTs. The effect of strain and piez
electric effect on the charge in the two-dimensional chan
has been included. We find that a very high sheet cha
density can be produced due to the strong piezoelectric e
at the interface. The sheet charge density increases with
crease in Al fraction in the barrier. The increase is primar
due to the higher piezoelectric charge.
We have also solved the three-dimensional Schro¨dinger
equation for the HEMT in presence of interface roughne
We find that even a small amount of interface roughn
causes localization of low lying electron levels. To stu
transport in such a system, we have used the Kubo form
Our results show that for strong interface roughness the
bility around 77 K is essentially independent of temperat
and even shows a region where it increases with tempera
FIG. 10. Density of states functions with different interface roughness.
interface roughness causes significant bandtail states, especially forDLz
51.0 nm.


























594 J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Y. Zhang and J. SinghThe mobility in a HEMT with a rough interface degrad
with increased Al composition in the barrier.
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